atomic-resolution imaging of edge structures will lay the groundwork for investigation of fewlayer BP, especially BP in nanostructured forms.
A century after its discovery, [1] [2] [3] black phosphorus (BP) has regained much attention as an alternative two-dimensional (2D) material owing to its promising electrical, optical and chemical properties. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] As a layered structure, BP has the largely tunable bandgap as a function of the number of layers (0.35 -2.0 eV), which can bridge the missing band-gap range from the currently available various 2D materials. 9, 15, 16, 20 BP also poses various interesting electrical, mechanical, and optical properties, such as large tunability by strain [20] [21] [22] and high in-plane anisotropy. 11, 16, [23] [24] [25] Moreover, researchers have recently demonstrated the high charge carrier mobility from few-layer BP 5, 6, 8, 15, 16 opening up various interesting electronic applications 5, 26, 27 and fundamental studies. 10, 11 Atomic-scale structural analysis of few-layer BP is essential to fully understand its electronics and optical properties. The various defects 28, 29 have a profound effect on charge carrier dynamics, which becomes more important for the few-layer form of BP. BP nanoribbons also have various interesting properties, including edge-type-dependent electronic properties and special edge states, as shown by recent theoretical studies. 22, [30] [31] [32] Until now, only a few experimental results on the structural characterization of BP using various microscopy techniques have been reported. 9, [33] [34] [35] Although these reports provide general structural analysis on BP, atomic-scale imaging and analysis of structural modification of BP are mainly unexplored at this point.
Here we report atomic-scale analysis of few-layered BP performed by aberration corrected transmission electron microscopy (TEM). We establish the layer-number-dependent atomic resolution imaging of few-layer BP via TEM experiments and image simulations. In addition, we find that the electron beam can be utilized to form BP nanoribbons with crystalline edge structures.
TEM imaging reveals that the BP edge shows the reconstructed edge configuration, which is also confirmed by first principles calculations with van der Waals dispersion force method. Our study on the precise identification of BP thickness and atomic resolution imaging of BP edges will lay the groundwork for investigation of electrical and optical properties of BP nanostructures.
For TEM analysis, few-layer BP samples are prepared using the conventional mechanical exfoliation and transfer method. (See Method for details.) During the sample preparation process, we minimize sample's exposure time to ambient environment in order to reduce sample degradation. 8, 9, 35 Optical characterizations before TEM analysis are not performed on samples because of possible photon-induced degradation. 35 Figure 1a shows a low-magnification TEM image of a typical BP flake. Without tilting samples, BP usually exhibits the crystal direction viewed along zone axis [010] as shown in Fig. 1b and 1d . The Fourier transform of the image clearly shows the diffraction signal with lattice parameters which are consistent with previous results 2 ( Fig. 1e and Table S1 ). The figure   1f shows the enlarged view of the dashed box in Figure 1d , which agree well with the simulated TEM image (Fig. 1g) Figure S2) .
We also find that all the lattice parameters and d-spacing values are consistent with previously reported values, 2 which is summarized in Table S1 .
The precise and facile identification of BP thickness is a prerequisite for investigation of various properties. Figure S4) . One thing to note is that even and odd layer numbers produce distinct image patterns. Simulations with even number of layers (for example, double layer) show the intensity modulation with the half of usual bulk lattice parameters due to the symmetric AB stacking.
On the other hand, with an odd number of layers (monolayer and triple layer), the simulated images display the intensity modulation with the periodicity of usual lattice parameters of bulk BP.
We assign the layer numbers and defocus values for the observed TEM images by comparison with simulated images. For example, top image of Figure 2b , the zoom-in image of marked regions A in Figure 2a , shows the distinct image pattern which can originate from the negative defocus values around -6nm and odd number of layer.
To assign the precise layer number, we compare the intensity line profiles along the crystal c-axis between the simulated and observed TEM images ( Figure 2c ). The experimentally observed and simulated TEM image intensity modulation differ by a factor of two, which is often called the Stobb's factor. [36] [37] [38] After taking account of this factor, the simulation intensity pattern with 5 layers matches the observation. The TEM images obtained from other locations of the specimen also undergo a similar process and we assign the number of layers and defocus values (Figure 2d ), which is also confirmed by the intensity modulation analysis (Supplementary Figure S5 and Table S2 ) along c-axis ( Figure 2e ). We find that the BP specimen imaged in Figure 2a has a thickness ranging from three to seven layers.
Now we start our discussion on the edge structure of BP. The investigation of edge structure of BP is an important topic as it significantly influences various physical properties of BP. There are a few recent studies on BP edges and nanoribbons, especially by theoretical calculations.
30,31
However, there is still a limited number of experimental studies on BP edges. 33 As shown in
Supplementary Figure S4 , as-prepared BP specimens exhibit amorphous edge structure, where the amorphous edge regions of several nanometers are always observed. This amorphous edge is possibly due to the degradation during the sample preparation process.
The edge structure of BP crystals can be structurally modified by e-beam irradiation during TEM imaging. 39 Remarkably, the crystalline edge structure can be obtained via this method. Figure   3a and 3b shows the changes of sample over 15-second e-beam exposure. The atoms at the amorphous edge (indicated by yellow arrows in Figure 3a ) can be preferentially sputtered out, exposing the crystalline edge structure. The crystal direction of exposed edge shows zigzag (ZZ) edge direction. Figure 3c is the zoom-in image of BP edge where the periodic edge structure over five unit-cells is clearly observed. Moreover, the image pattern at the edge shows a higher intensity modulation compared to the basal plane. This strongly suggests that there is the reconstructed edge formation.
To have a better understanding on atomic-scale structure of ZZ edge, we calculate the relaxed edge structures with various possibilities using first principles calculations with van der Waals Electron-beam is one of useful ways to manipulate the materials at nanoscale and we demonstrate that BP nanoribbons can be formed by prolonged e-beam exposure. Figure 4d and 4i clearly show that the formation of approximately 4nm-wide BP nanoribbons with crystalline edge.
After prolonged e-beam irradiation, the BP nanoribbon is amorphized to form amorphous BP nano-constriction with a less than 2 nm neck width. Consequently, the nano-constriction breaks down (See Supporting Movie). The sputtering mechanisms during TEM imaging including calculations of knock-on damage threshold for phosphorene will be an important experimental issue and we are currently investigating this effect in detail.
In conclusion, the atomic-scale structure of few-layered BP and its reconstructed ZZ edges were investigated by Cs-corrected TEM and imaging simulation. The precise and facile characterization methods of BP thickness demonstrated in our study will lead to various fundamental studies, such as measurements of layer-number-dependent electrical and optical properties. We also demonstrate that electron beam irradiation can be used to form BP nanoribbons as well as to expose crystalline reconstructed ZZ edge. Further TEM analysis on BP is expected to shed light on various defect structures and structural degradation mechanisms.
Methods
Black phosphorus sample preparation: Black phosphorus (BP) crystals were purchased from Smart Elements (purity, ~99.998%). To prepare TEM samples, BP flakes were exfoliated onto SiO 2 /Si wafers using conventional mechanical exfoliation method. Exfoliated BP flakes were transferred to Quantifoil Au TEM grids using direct transfer method. 40 To thin BP flakes and remove surface residues, gentle plasma cleaning with H 2 and O 2 gas environment was carried out using plasma cleaner (Advanced plasma system, Gatan, USA) for 5 minutes with 10 W input power. To minimize the oxidation of BP specimens, BP samples were immediately loaded into TEM chamber after sample preparation process. The b-axis is the layer stacking direction.
TEM characterizations and image simulations:

Theoretical calculations:
Calculations were based on ab initio density functional theory using the SIESTA method 42 and the VASP code 43, 44 . The generalized gradient approximation 45 calculations. In addition to this, a cutoff energy of 100 Ry was used to resolve the real-space grid used to calculate the Hartree and exchange-correlation contribution to the total energy. For the phosphorene sheets, the Brillouin zone was sampled with a 10x8x1 grid under the Monkhorst-Pack scheme 52 , which gives similar results as those using a finer 17x15x1 k-sampling. In addition to this we used a Fermi-Dirac distribution with an electronic temperature of k B T = 20 meV. 
